We report the detection by the AGILE satellite of Terrestrial Gamma-Ray 
Introduction
Terrestrial gamma-ray flashes (TGFs) are one of the most intriguing phenomena in the geophysical sciences. Although their origin is terrestrial, they were discovered and, to this day, have only been observed by satellites dedicated to high energy astrophysics.
Fishman et al. [1994] reported the discovery of TGFs by the Burst And Transient Source Experiment (BATSE), sensitive above 20 keV [Fishman et al., 1989] , on-board the NASA Compton Gamma-Ray Observatory (CGRO). These events are described as millisecond time-scale bursts of gamma-rays with the incoming direction compatible with the Earth and a spectral hardness typically much higher than that of cosmic gamma-ray bursts.
Inan et al. [1996] and Cohen et al. [2006] showed the direct association of TGFs with lightning and thunderstorm activity by means of timing and spatial correlation of some of the BATSE TGFs with lightning strokes localized by their signature at VLF frequencies (sferics). Due to limitations in its trigger logic architecture, BATSE was able to detect only 76 TGFs in 9 years of operations. TGFs were then observed at energies up to 20 MeV by the spectrometer on-board the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI), as reported in the work by Smith et al. [2005] . Although each RHESSI event includes many fewer photons than the BATSE TGFs, because of the significant differences in the effective area between the two instruments, RHESSI produced a breakthrough in the TGF sample statistics detecting 820 TGFs from 2002 through 2008, as reported by Grefenstette et al. [2009] in the 1 st RHESSI TGF catalog. This increase in the TGF detection rate is mainly due to the fact that all RHESSI data are downloaded on a photonby-photon basis without the need for any on-board trigger, whereas BATSE required at D R A F T October 28, 2009, 7:11pm D R A F T X -6 MARISALDI ET AL.: TGF DETECTION BY AGILE least a trigger on the minimum sampling time window of 64 ms, much larger than the average TGF duration, therefore selecting only bright high-significance TGFs.
More than 15 years after their discovery, the source mechanism and production sites of TGFs are still under debate. After the first BATSE observations, it was suggested that TGFs could be related to discharges at high altitudes possibly associated with Sprites [Roussel-Dupré and Gurevich, 1996; Nemiroff et al., 1997] , but Dwyer and Smith [2005] showed that the observed RHESSI TGF cumulative spectrum is compatible with gammarays produced much deeper in the atmosphere at 15-21 km altitude above sea level. [2005] also showed that the spectrum is consistent with bremsstrahlung emission from a population of high energy electrons produced by means of relativistic runaway electron avalanche (RREA) multiplication [Gurevich et al., 1992] . This fine spectral modeling has been possible because of the RHESSI higher spectral resolution than BATSE for time-tagged events. Moreover, Cummer et al. [2005] showed that the charge moment change connected to lightning strokes associated with TGFs, as implied by sferics observations, is too low to be responsible for Sprites production, confirming that the correlation between Sprites and TGFs is not straightforward, if it exists. Recently Dwyer [2008] put further constraints on the production mechanism of TGFs suggesting that either relativistic feedback or runaway electron production in high electric fields may play a role, and excluding a major contribution from extensive air showers of cosmic rays in the initiation process. Concerning the emission geometry, analysis of both BATSE and RHESSI data suggest that the initial gamma-ray emission is beamed [Østgaard et al., 2008; Hazelton et al., 2009] , although the degree of beaming is not yet clearly assessed.
Dwyer and Smith
Grefenstette et al. [2008, 2009] Recently, the AGILE and F ermi satellites, both devoted to gamma-ray astrophysics, have reported the detection of TGFs from space. AGILE reported the detection of short bursts of gamma-rays with characteristics compatible with those of TGFs shortly after the activation of the on-board trigger logic in November 2007 [Fuschino et al., 2009] , and later after the extension of the trigger logic to very short time scales [Longo et al., 2008; Marisaldi et al., 2009] . The F ermi team reported the detection of TGFs with the GBM instrument [Fishman and Smith, 2008; Fishman, 2009] . In this paper we present the results of the first nine months of observation of TGFs with AGILE after the extension of the trigger logic to very short time scales. In the following sections we will describe the AGILE payload, the trigger algorithm and the selection criteria applied for TGF detection.
Then, the properties of the AGILE TGFs sample will be described and a comparison with the results already published by RHESSI will be discussed.
The AGILE payload
AGILE (Astrorivelatore Gamma ad Immagini LEggero, the AGILE mission web page:
http://agile.rm.iasf.cnr.it/ ) is a space mission of the Italian Space Agency (ASI) devoted to astrophysics in the gamma-ray energy range 30 MeV -30 GeV, with a monitor in the X-ray band 18 keV -60 keV. Tavani et al. [2008] and Tavani et al. [2009] report a description of the AGILE mission and its main scientific objectives. AGILE was launched on 23 April 2007 in a low-Earth orbit at 550 km altitude with 2.5
• inclination.
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The AGILE payload is composed of the following detectors:
-a tungsten-silicon tracker (ST) [Prest et al., 2003] , with a large field of view, good time resolution, sensitivity and angular resolution;
-a silicon based X-ray detector, SuperAGILE (SA) [Feroci et al., 2007] , for imaging in the range 18 keV -60 keV;
-a CsI(Tl) mini-calorimeter (MCAL) [Labanti et al., 2009] for the detection of gammarays in the range 300 keV -100 MeV;
-an anti-coincidence (AC) system [Perotti et al., 2006] made with plastic scintillator layers for the rejection of charged particle events;
The scientific payload is completed by the Payload Data Handling Unit (PDHU) [Argan et al., 2004] The on-board time-tagging accuracy for the AGILE photons is ∼ 1µs. The effective absolute time resolution has proven to be better than ∼ 200µs, after accurate timing observations of the Vela pulsar, as described in details by Pellizzoni et al. [2009] . At present, there are no known issues that prevent the achievement of an absolute time resolution as good as ∼ 50µs, provided that adequate counting statistics are obtained.
Trigger algorithm and selection criteria
The trigger logic on time scales of 16 ms and 293 µs was enabled and configured in in this case the corresponding bin is included in the burst and the event duration is extended accordingly. According to the selection criteria described above a total number of 34 events have been selected over the considered period, i.e. about 4 events/month.
AGILE-MCAL detections

Trigger properties
Tables 1, 2 and 3 report the main characteristics of the selected events. Every event is uniquely identified by a trigger-id composed of two integers separated by a dash. The first number indicates the AGILE orbit and the second one is the trigger index within that orbit. For each event, Table 1 reports the trigger time, the geographical coordinates of the AGILE footprint, the local time, the angle between the AGILE pointing direction and the nadir, as well as the fired trigger configuration. At energies above 10 MeV a spectral cutoff is evident. Since each MCAL bar has a dynamic range extended up to 100 MeV, and for multiple counts the total energy is obtained summing the energy deposited in all triggered bars, MCAL is in principle an optimal detector for characterizing the high energy part of the TGF spectra. Of course, owing to the limited thickness of the detector (1.5 radiation lengths) most of the interactions for photons above 10 MeV will give rise only to partial absorption in MCAL, and the response matrix at these energy is strongly non-diagonal.
A question may thus arise whether the observed cutoff is a real physical feature or may be ascribed to an improper computation of the response matrix, namely an over-estimation of the effective area at high energy. In fact, this energy range cannot be easily tested in orbit using, for example, cosmic GRBs, which rarely give significant signal above 10 MeV in other. This configuration, together with the time coincidence of the two signals, suggests a localized interaction and is unlikely to be due to different independent photons. Analysis of the GRID data, which can potentially extend the maximum detected energy further, is in progress and the results will be reported in a forthcoming paper. A search for SuperAGILE counts in the corresponding MCAL time intervals was performed with negative results. This is not surprising because of the SuperAGILE energy range (18-60 keV), its very small effective area for higher energy photons and its limited field of view.
Comparison with the 1 st RHESSI TGF catalog
In this section we compare the MCAL results with those reported in the first RHESSI TGF catalog . The RHESSI detectors' effective area for isotropic photons is ∼ 250cm 2 at 1 MeV; a description of the RHESSI spectrometer is reported in the work by Smith et al. [2002] . For this comparison we considered the RHESSI TGFs detected at latitudes lower than 2.5 degrees in absolute value, to be compliant with the AGILE orbit. RHESSI data were retrieved from the publicly available online repository at http://scipp.ucsc.edu/ dsmith/tgflib public/.
Geographical and local-time trigger distributions.
In addition to the latitude selection reported above, for the comparison of the geograph- Figure 6 shows the comparison between the RHESSI and MCAL distributions for longitude and local time. Each distribution was normalized to the total number of counts in the sample. A good agreement between the two distributions is evident, indicating that the overall selection criteria we adopted are selecting a sample of events compatible with that of RHESSI.
Cumulative spectra.
For the spectral comparison, the RHESSI TGF sample considered consists of 62 TGFs First of all, a good agreement between the two instruments concerning the overall spectral shape can be noted. Below 500 keV the spectral differences should not be considered since the MCAL model spectrum is valid only above that energy. If the spectral parameters of the model are frozen and only the normalization constant is allowed to vary, a good fit in the energy range 500 keV -10 MeV is obtained, with a reduced χ 2 of 1.06 with 15 degrees of freedom, and a normalization constant a factor of 2.3 that obtained previously for MCAL. The fit results are shown in Figure 8 . According to these results it seems that MCAL selects a TGF population fainter than that of RHESSI. Possible reasons for this include differences in absolute flux calibration, differences in trigger criteria, and different effects of dead time.
Of course we cannot exclude a slight difference in absolute flux calibration. Cross calibration, for example on cosmic gamma-ray bursts detected by both instruments, could be useful to clarify this issue. Moreover, the use of a fixed-angle response matrix could be responsible for a shift in the normalization constant, as discussed in section 4.2.
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The detection of a fainter-than-RHESSI population could also be due to the lower background exhibited by MCAL with respect to RHESSI. In this case, a much larger sample should be detected, which is not the case. This could be due to excessively conservative selection criteria.
A critical issue possibly affecting MCAL results is dead time. It has been demonstrated that RHESSI TGFs are heavily affected by dead time; the RHESSI detectors were almost always counting at the maximum allowed rate during the brightest part of the TGF . This means that the intensity distribution of the RHESSI TGF is compressed toward lower values; therefore, it is not possible to determine the true TGF brightness distribution, i.e. the total amount of energy involved in the process. Since the TGF population detected by MCAL seems to be fainter than that of RHESSI, dead time may also affect the MCAL results. Further investigations in this direction should be driven by Monte Carlo simulations. In any case, the overall consistency between the RHESSI and MCAL spectral parameters confirms the validity of the selection criteria applied to the MCAL events.
Summary and conclusions
The MCAL instrument on-board the AGILE satellite detects a population of millisecond AGILE orbit is considered. The cumulative spectra of the AGILE and RHESSI samples can be fit by the same functional form in the 500 keV -10 MeV energy range, apart from a small factor in the normalization constant. In our opinion, the remarkable consistency between the properties of the AGILE and RHESSI samples strongly confirms that the AGILE population is due to TGFs as well.
The difference in the intensity distribution between AGILE and RHESSI could be due to calibration issues, the trigger selection criteria, and/or the contribution of dead time. To disentangle these contributions, dedicated analysis will be performed. A critical review of the selection criteria could reveal a larger TGF population rejected by the current algorithms.
Our data show that impulsive TGF particle acceleration produces electron kinetic en- Tables 1 and 2 Physical property Average value Duration (1.5 ± 0.8)ms Number of counts 17 ± 5 Peak flux in 200µs 6 ± 2 Photon energy (3.9 ± 1.4)MeV Hardness ratio 1.5 ± 0. 
